ϩ currents are critical to action potential (AP) repolarization. The present study examines the effects of left ventricular hypertrophy (LVH) on delayed rectifier K ϩ currents and their contribution to AP repolarization in both epicardial (Epi) and endocardial (Endo) myocytes. Methods and Results-LVH was induced in rabbits by a 1-kidney removal, 1-kidney vascular clamping method. Slowly (I Ks ) and rapidly (I Kr ) activating delayed rectifier K ϩ currents were recorded by the whole-cell patch-clamp technique, and APs were recorded by the microelectrode technique. In normal rabbit left ventricular myocytes, I Ks densities were larger in Epi than in Endo (1.1Ϯ0.1 versus 0.43Ϯ0.07 pA/pF), whereas I Kr density was similar between Epi and Endo (0.31Ϯ0.05 versus 0.36Ϯ0.07 pA/pF) at 20 mV. LVH reduced I Ks density to a similar extent (Ϸ40%) in both Epi and Endo but had no significant effect on I Kr in either Epi or Endo. Consequently, I Kr was expected to contribute more to AP repolarization in LVH than in control. This was confirmed by specific I Kr block with dofetilide, which prolonged AP significantly more in LVH than in control (31Ϯ3% versus 18Ϯ2% in Epi; 53Ϯ6% versus 32Ϯ4% in Endo at 2 Hz). In contrast, L-768,673 (a specific I Ks blocker) prolonged AP less in LVH than in control. The very small I Ks density in Endo with LVH is consistent with the greater incidence of early afterdepolarizations induced in this region by dofetilide. 
L eft ventricular hypertrophy (LVH) is associated with abnormal ventricular electrophysiology and increased risk of sudden cardiac death that is thought to be due to malignant ventricular arrhythmia. The action potentials (APs) of hypertrophied ventricular myocytes have long and nonuniform repolarization times. This dispersion of action potential duration (APD) is a milieu in which early afterdepolarizations (EADs) can generate sustained and highly disorganized ventricular arrhythmia. The ionic mechanisms underlying the prolonged APD of hypertrophied myocytes are complicated.
Although the effects of LVH on L-type Ca 2ϩ current (I Ca,L ), transient outward K ϩ current (I to ), and inward rectifier K ϩ current (I K1 ) have been extensively studied (for review, see Reference 1), LVH-induced modulation of the cardiac delayed rectifier K ϩ current (I K ) has received less attention despite its importance in determining ventricular repolarization and APDs, which are prolonged in LVH. [1] [2] [3] In feline right ventricular hypertrophy induced by pressure overload 4 and LVH induced by aortic stenosis, 5 total I K density was decreased in hypertrophied myocytes, but the individual components, slowly (I Ks ) and rapidly (I Kr ) activating delayed rectifier K ϩ currents, were not discriminated. Therefore, it is unknown whether decreases in I K density were due to changes in I Ks , I Kr , or both. In rabbit LVH induced by partial ligation of the abdominal aorta, I Kr density was unchanged in hypertrophied myocytes compared with control myocytes, but I Ks was not studied. 6 Early studies of rabbit ventricular myocytes suggested that I K in rabbit myocytes consists of only a single rapidly activating component. [7] [8] [9] More recent studies, however, have demonstrated that both I Kr and I Ks are present in rabbit ventricular myocytes. 10 -12 In the LVH model of rabbits with renovascular hypertension, we previously demonstrated that 3 months after renal artery banding, the ventricular myocytes isolated from the middle layer of LV free wall are hypertrophied and have prolonged APD, decreased I K1 density, increased I to density, and unchanged I Ca,L density compared with control myocytes. 3 The purpose of this study was (1) to characterize the effects of LVH on I Ks and I Kr , the 2 K ϩ currents critical to AP repolarization, and (2) to compare the effects of specific I Ks or I Kr inhibition on AP repolarization and incidence of EADs in ventricular myocytes isolated from normal and LVH rabbits. Because the heterogeneity of K ϩ channel distribution in ventricular myocardium has been associated with the physiological heterogeneity of APD across the ventricular wall, [13] [14] [15] [16] myocytes isolated from the epicardial (Epi) and endocardial (Endo) layers of LVs were studied separately.
Methods

Experimental Animals
Male New Zealand White rabbits (1.4 to 2.0 kg) underwent unilateral nephrectomy and contralateral renovascular banding to produce LVH by techniques reported previously. 17 Banded rabbits were studied 3 months after surgery when documented LVH had developed. Data were collected from 24 control and 26 LVH rabbits.
Myocyte Isolation
Single ventricular myocytes were isolated by a method described previously. 17 After enzyme perfusion, a thin layer (Ͻ1.5 mm) of tissue was dissected from the Epi and Endo surfaces of the LV free wall, and myocytes were dispersed. 18, 19 recorded during 1-second depolarizing voltage steps from a holding potential (V h ) of Ϫ50 mV to test potentials (V t ) between Ϫ40 and 30 mV in 10-mV increments. I Ks was defined as the current sensitive to L-768,673, a selective I Ks blocker, 20,21 during 1-second depolarizing voltage steps from V h of Ϫ40 mV to V t between Ϫ20 and 60 mV in 20-mV increments. Interpulse interval was 12 seconds in both cases. Isochronal activation curves for I Ks were determined from the peak amplitudes of the tail currents during return to the V h of Ϫ40 mV after 5-second test pulses to various V t . Tail currents (I) were normalized to the maximal tail current (I max ) obtained after a step to V t of ϩ70 mV.
Action Potential Recording
Drugs
Dofetilide, L-768,673, and nisoldipine were gifts from Pfizer, Merck & Co, and Bayer AG, respectively.
Data Analysis
Data are expressed as meanϮSEM. Cell numbers are indicated in parentheses in the table and figures. Statistical analyses were performed with GraphPad Prism 2.0 (GraphPad Software, Inc). Two-way ANOVA was used to compare data of Epi and Endo from control and LVH. Unpaired t test was used to examine statistically significant differences observed with the 2-way ANOVA. Contingency tables were used to compare EAD incidence between control and LVH. Fisher's exact test was used for P value calculations.
Results
Three months after renal artery banding, the ratio of heart weight to body weight increased from 2.15Ϯ0.03 g/kg (nϭ24) in control to 2.63Ϯ0.06 g/kg (nϭ26) in LVH (PϽ0.05). Cell membrane capacitance of ventricular myocytes isolated from Epi and Endo increased 23% and 29%, respectively, in LVH compared with control (Table) . APD measured at 60% and 90% repolarization (APD 60 and APD 90 ) at 2 Hz was significantly prolonged in both Epi and Endo from LVH rabbits compared with controls (Table) .
The isolation of I Ks is demonstrated in Figure 1A . I Ks current-voltage relations for control and LVH are compared in Figure 1B for Epi and Endo. LVH significantly decreased I Ks density in both Epi and Endo. The isochronal activation curves for I Ks were essentially identical between Epi and Endo for a given condition; therefore, regional data were averaged, and those results were plotted for the control and LVH conditions in Figure 1C .
Example I Kr traces at V t from Ϫ30 to ϩ20 mV are shown in Figure 2A . I Kr current-voltage relations for control and LVH are compared in Figure 2B for Epi and Endo. I Kr density was unchanged in LVH compared with control in either Epi or Endo. The voltage-dependent activation of I Kr was compared between control and LVH myocytes in Figure 3 for Epi Figure 6 . APD is typically shorter in Epi than in Endo and is universally prolonged by LVH (Table) . Inhibition of I Ks with 0.1 mol/L L-768,673, a concentration expected to produce nearly total I Ks block, produced modest increases in APD (Figure 4) . APD prolongation was greater in Epi than in Endo and notably, was significantly less for LVH than control ( Figure 6 ). In contrast, inhibition of I Kr with 0.1 mol/L dofetilide, a concentration expected to produce nearly total I Kr block, caused a completely opposite pattern of APD changes, which were also remarkably greater than those observed with I Ks inhibition ( Figure 5 ). APD was increased more in Endo than in Epi and more importantly, was prolonged more for LVH than control (Figure 6 ).
Parameters of Control and LVH Rabbits
At a very low stimulus frequency of 0.2 Hz, spontaneous EAD was observed in 2 of 12 myocytes from Epi and 5 of 21 from Endo of LVH. Figure 7A shows an example trace of a spontaneously occurring EAD recorded from an LVH Endo cell. In contrast, spontaneous EAD was never observed in control (0.2 Hz) or in LVH at stimulus frequencies Ն0.5 Hz. Notably, L-768,673 (0.1 mol/L) did not induce EAD in Epi or Endo of either control or LVH (cell number Ն12 for each condition). In contrast, dofetilide (0.1 mol/L) induced EAD in almost all LVH Endo myocytes, and although it prolonged APD in control Epi, it did not induce EAD ( Figure 7B ). At 0.5 Hz, the incidence of EAD induced by 0.1 mol/L 
Discussion
AP Prolongation in Hypertrophied Epi and Endo
LVH was induced consistently in rabbits 3 months after renal artery banding, as confirmed by significant increases in the ratio of heart weight to body weight. Hypertrophy occurred in both Epi and Endo, as demonstrated by the significant increases in cell membrane capacitance of myocytes from both LV layers. In control rabbits, APD was significantly longer in Endo than in Epi, as has been found in other animal species. 15, 22, 23 In the present study in rabbits, we have shown that this gradient or dispersion of APD is at least partially due to a smaller I Ks density in Endo than in Epi. Moreover, in LVH rabbits with renal artery banding, we have also shown that prolongation of APD was similar in Epi and Endo compared with control rabbits. APD 90 at 2 Hz was increased by 24% in Epi and 22% in Endo. This result differs from findings in another rabbit study of LVH produced with perinephritis-induced hypertension, in which APD prolongation was more pronounced in Epi than in Endo. 2 The underlying ionic mechanism for more pronounced AP prolongation in Epi than Endo in this model was not given. We also found that the average APD of Endo was the same as that of midlayer myocytes in both control and LVH rabbits. 3
LVH Decreases I Ks but Not I Kr Density
Pathology-induced modulation of I Ks and I Kr varies with animal model. In LVH rabbits with renovascular hypertension, we found an Ϸ40% decrease of I Ks density in both Epi and Endo but no significant change of I Kr density (Table) . In another rabbit study, in which LVH was induced by partial ligation of the abdominal aorta, I Kr density was also found to be unchanged in hypertrophied myocytes compared with controls; however, the effect of LVH on I Ks was not studied. 6 In a guinea pig model with aortic banding, I Ks and I Kr densities remain unchanged during cardiac hypertrophy and failure. 24 In midmyocardial cells of dogs with chronic complete atrioventricular block, I Ks density decreased in both left and right ventricles, whereas I Kr density decreased in the right ventricle only. 25 The renovascular hypertension model of rabbits we used is similar to essential hypertension in humans in that this model produces gradual hypertrophy in the appropriate ventricle.
Voltage-Dependent Activation of I Ks and I Kr
I Kr recorded from rabbit LV cells in this study ( Figure 2B ) displayed a typical bell-shaped current-voltage relationship, similar to that of guinea pig ventricular myocytes, 26 rabbit sinoatrial node cells, 27 and ferret atrial myocytes. 28 This pronounced inward rectification of I Kr is due to its unique rapid inactivation, which occurs more quickly than activation at more depolarized potentials. 29, 30 Voltage-dependence of activation for I Ks or I Kr was not different between Epi and Endo of control or LVH rabbits. LVH had no effect on the voltage-dependence of activation of either I Ks or I Kr . Similar to our findings, chronic complete atrioventricular block in dogs has no effect on the voltage-dependence of activation of I Ks or I Kr . 25 The steady-state activation of total I K does not differ between normal and hypertrophied myocytes in feline right ventricular hypertrophy. 4 
Differential Modulation of AP by I Ks or I Kr Block
In control rabbits, Epi had significantly larger I Ks density than Endo, whereas both layers had similar I Kr density. Therefore, I Ks was expected to contribute more to AP repolarization in Epi than Endo, whereas I Kr would contribute more to AP repolarization in Endo than Epi. Consistent with this argument, we found that in control rabbits, the selective I Ks blocker L-768,673 induced larger increases of APD 90 in Epi than Endo (21Ϯ3% versus 8.8Ϯ1.3%, PϽ0.05), whereas the selective I Kr blocker dofetilide induced greater prolongation of AP in Endo than Epi (32Ϯ4% versus 18Ϯ2%, PϽ0.05).
In LVH rabbits, because of a decreased I Ks density and an unchanged I Kr density in both Epi and Endo, the effects of I Ks block on AP repolarization were significantly reduced in LVH. L-768,673 induced significantly smaller percentage increases of APD 90 in both Epi (10Ϯ1% versus 21Ϯ3%) and Endo (5.1Ϯ0.6% versus 8.8Ϯ1.3%) in LVH rabbits compared with controls. Conversely, the decreased I Ks in both Epi and Endo of hypertrophied myocytes made I Kr more critical to AP repolarization in LVH rabbits. Blocking I Kr with dofetilide induced significantly larger prolongation of AP in both Epi (31Ϯ3% versus 18Ϯ2%) and Endo (53Ϯ6% versus 32Ϯ4%) of LVH rabbits compared with controls at 2 Hz.
Spontaneous and Drug-Induced EAD
Among the 4 groups of myocytes that we studied, Endo myocytes from LVH rabbits had the smallest I Ks density (Table) . At 0.2 Hz, spontaneous EAD was observed in 5 of 21 Endo cells and 2 of 12 Epi cells of LVH rabbits. Spontaneous EAD was not observed in any of the myocytes of control rabbits we examined. Whereas block of I Ks by L-768,673 failed to induce EAD, block of I Kr by dofetilide commonly led to EAD, especially in Endo of LVH rabbits. These observations may have important clinical implications, although the potential proarrhythmic effect of dofetilide would be reduced in vivo because of high heart rate and electrical coupling of myocardial tissue. It is now well recognized that agents that are selective blockers of I Kr have the potential to produce excessive APD prolongation, leading to a prolonged QT interval. In extreme instances, they can cause EAD, which may underlie torsade de pointes arrhythmias observed with these agents clinically. Insofar as the changes observed in this study in rabbits are transferable to human cardiac hypertrophy and heart failure, our findings suggest that I Kr block in this diseased state could even be more proarrhythmic in this patient population. In light of these recent observations, controversy has arisen as to whether any class III action, ie, increase in APD or cardiac refractoriness, could provide antiarrhythmic efficacy safely. Unlike the excessive increases in APD especially at slow heart rates, however, the limited increases observed with I Ks block in this and other studies merit further study and consideration for its antiarrhythmic or proarrhythmic potential. Under the conditions of this study, there was no EAD induction even in the LVH rabbits with I Ks block, raising the question of whether a controlled or limited increase in cardiac refractoriness could provide antiarrhythmic action by prevention of classic reentry. On the contrary, the reduction of the repolarizing current I Ks with LVH, which itself could be considered proarrhythmic and contributing to the increased incidence of arrhythmias in this patient population, raises a converse hypothesis: namely, could an agent that increases a repolarizing current be of use in reversing or preventing increases in APD and arrhythmias and other sequelae of heart failure? One such agent that enhances I Ks was described recently. 31 Other studies have attempted to address this issue by using adenovirus-induced transfection to increase K ϩ channel expression and augment repolarizing K ϩ currents. 32, 33 
